We explored the multicomponent oxide semiconductor of Hf-In-Zn-O (HIZO) using vacuum deposition technique and carried out the in-depth study on the light-induced instability of HIZO transistor under the bias thermal stress. A higher level of Hf or Zn incorporation in HIZO materials was found to be critical for improving the photostability of HIZO transistors under negative bias thermal stress conditions, which can be explained by either band-gap modulation of the HIZO film or changes in the oxygen vacancy concentration in the HIZO channel. This result is consistent with the trapping or injection model of photocreated hole carriers. were deposited as the channel layer by physical vapor deposition processes, such as pulsed laser deposition and sputtering. The rapid improvement in device performance of the oxide transistor has enabled a prototype of the 19-in. active-matrix organic light-emitting diodes (AMOLED), 9 and 32-in. active-matrix liquid crystal display (AMLCD), 10 which are driven by InGaZnO thin-film transistors (TFTs).
Since the discovery of the amorphous InGaZnO semiconductor in 2004, 1 the material science community has paid considerable attention to the development of novel oxide semiconductors for low-cost device fabrication, high device performance, high transparency to visible light, and compatibility with mechanically flexible substrates. High performance transistors with a field-effect mobility >10 cm 2 /Vs have been reported, where various materials including ZnO, 2 ZnSnO, 3 InZnO, 4 InGaZnO, 5, 6 ZnInSn, 7 and ZrInZnO, 8 were deposited as the channel layer by physical vapor deposition processes, such as pulsed laser deposition and sputtering. The rapid improvement in device performance of the oxide transistor has enabled a prototype of the 19-in. active-matrix organic light-emitting diodes (AMOLED), 9 and 32-in. active-matrix liquid crystal display (AMLCD), 10 which are driven by InGaZnO thin-film transistors (TFTs).
Despite the considerable improvement in oxide materials and processing, the realization of oxide TFT technology into a commercial electronic product, such as AMLCD, AMOLEDs, flexible and/ or transparent displays, is far from being a reality. Recently, the potential of TFTs as a switching device had motivated studies on the effect of bias thermal stress (BTS) on the degradation of oxide TFTs. The degradation of the transfer characteristics of oxide TFTs under constant gate bias stress has been studied extensively, and explained by charge trapping, 11, 12 charge injection, 13 defect creation, 14 or the ambient dynamics model. 15 However, the photoresponse behavior of oxide TFT under BTS conditions has not been understood yet in details, even though irradiation of light during the operation of TFTs, such as outer sunlight, back light (AMLCD) or self-emitting light (AMOLED), is inevitable for display applications. In this regard, several studies have examined the effect of moisture, 16 device configuration, 17 gate dielectric materials, 18 and passivation layer, 19 on light-induced bias instability. However, there are no reports of the effect of the cation channel composition itself on the photo reliability of the metal oxide TFTs.
This study examined the Hf-In-Zn-O (HIZO) multicomponent oxide semiconductor as a channel layer 20 and the light-induced instability of the HIZO TFTs under BTS conditions. A major focus was on the effect of the cation composition in the HfO 2 -In 2 O 3 -ZnO ternary system on the resulting light-induced BTS instability. It should be noted that the integrated duration time of the negative gate bias applied to the switching transistor of an active-matrix display is typically much larger than that of a positive gate bias, > $500 fold. Thus, negative bias thermal instability (NBTI) under light illumination is a more stringent and critical issue, which prompted an examination of the impact of photon exposure on the NBTI of HIZO TFTs rather than PBTI.
Experimental
The fabrication procedure of HIZO transistors has been reported in detail. 20 The fabricated TFTs have a bottom gate and top contact configuration. A 400-nm-thick SiN x thin film as a gate insulator was deposited by PECVD on Mo/SiO 2 /glass substrates at 350 C. Then a 50-nm-thick HIZO channel layers were formed by sputtering method and then, patterned in a diluted HF solution. A Mo source/ drain electrodes were annealed in air at 200 C for 1 h to improve the contact and the gate insulator/channel interfacial properties. The studied devices have the dimension of W/L ¼ 90 lm/8 mm. Electrical characterization was carried out using a Keithley 4200 high resolution parameter analyzer. The experiment of negative bias thermal illumination stress (NBTIS) for the fabricated HIZO TFTs was carried out under the following condition and procedure. During the illumination stress test, the luminance from a white halogen lamp on the device surface was fixed to 180 lm/m 2 . The used light source consisted of visible light, ranging from 400 to 700 nm wavelength. The IV measurement was performed in N 2 at 1 atm to eliminate the effect of oxygen molecules or moisture on the unpassivated device. The instability measurement procedure was as follows. First, the chamber system was evacuated to 10 -6 Torr. The sample stage was then heated to 60 C and kept to the constant temperature (60 C) during the application of NBTIS, which was the applied thermal stress. N 2 gas was then fed into the chamber until the chamber pressure reached approximately 1 atm. Subsequently, the gate-source voltage (V GS ) ofÀ20 V and drain-source (V DS ) of 10 V were applied to the HIZO TFTs as a negative bias stress, followed by the application of light. The stress experiment was considered to begin with the illumination. Figure 1a shows the space mapping of the compositional points fabricated in the ternary system of HfO 2 -InO 2 -ZnO using a cosputtering sputtering method. The maximum Hf content [Hf/ (HfþInþZn)] was limited to 14.0% because of the relatively low HfO 2 film growth rates. As-deposited and annealed HIZO thin film exhibited a uniform and dense amorphous phase state, as shown in Fig. 1b . First, the effect of the cation composition on the device degradation of the resulting HIZO TFTs by NBTIS was investigated.
Results and Discussion
The experimental condition and procedure of NBTIS were in details described in the experimental section. Table I .
It was found that the NBTIS-induced device degradation depended greatly on the In/Zn ratio. The movement in the negative direction of the transfer curve as a function of the applied NBTIS time increased with increasing In/Zn ratio. The V th of device A was shifted by $7.8 V while device C exhibited only a À3.5 V shift in V th , as shown in Fig. 2d . In the case of the application of a positive bias stress under dark conditions, a positive shift of V th for metal oxide TFTs, including ZnO and IGZO channel layer, is frequently observed, which has been attributed to charge trapping at the channel/gate insulator interface state or the charge injection into the gate dielectric bulk layer. [11] [12] [13] The dominant mechanism can be distinguished from the time dependence on the V th variation. The charge trapping model is well described by the stretched exponential and can be expressed approximately by the power law if the time scale of interest is relatively short compared to the relaxation time. 11, 12 On the other hand, a charge injection mechanism can be inferred from the logarithmic time dependence. 13 Figure 2d shows that the absolute V th variation for the various devices is well described by the logarithmic time dependence. The power law (V th $ t a ) failed to fit the observed NBTIS-induced V th variation. This indicates that the degradation of V th for HIZO TFTs with a SiN x gate insulator by the application of NBS under light illumination would be dominated by a charge injection mechanism rather than a charge trapping mechanism.
The dark stability was examined under identical NBTS conditions (V GS ¼ À20 V and V DS ¼ À10 V) to obtain more information on the degradation mechanism of V th for the HIZO TFTs. Figure 3a shows the representative time evolution of the transfer characteristics of device C. The dark stability under identical NBTS conditions was much better than the bright stability: the negative movement V th for device C was decreased from 3.5 V (bright condition) to 0.35 V. Figure 3b shows the change in V th for various devices (device A, B, and C) under NBTS conditions. The negative shifts of the V th value after 3 h stress were reduced to only 3.01 and 0.95 V for devices A and B, respectively, whereas after the application of NBTIS for 3 h, V th movement of À7.8 and À5.58 V were observed for the devices A and B, respectively. In addition, the time dependence of V th under the NBTS conditions was well described by a power law rather than a logarithmic function, as shown in Fig. 3b , indicating that the degradation of V th under only negative bias conditions originates from charge trapping at or near the channel/gate insulator interface. Figure 3c shows the change in the SS values for various HIZO TFTs. The SS values did not degrade for all devices tested under only the NBTS conditions. With the exception of the V th variation, there was no degradation in terms of the mobility (see Fig. 3d ) and I on/off ratio as well as the SS value. In contrast, in the case of the combined light and bias stress, stretching of the subthreshold gate swing as well as an enhanced negative V th shift was also observed with increasing NBTIS time, as shown in Fig. 3c , suggesting the creation of a substantial number of traps in the HIZO channel layer. The amount of trap creation in the channel region was , respectively, which indicates that the increasing Zn/In ratio in the channel for the HIZO TFTs is relatively effective in preventing the creation of trap states against the combination stress of negative bias and light. Thus, it is evident that the superior light stability for device C resulted partly from the less creation of the trap state defect in the channel region, which may qualitatively explains the observed behavior of the negative V th movements for devices A, B, and C under NBTIS conditions. However, the negative V th shifts for all devices under NBTIS conditions cannot be attributed only to the amounts of the trap states created: the created trap density for device A was 1. )], whereas the negative V th shift for device A was $2.2 times larger than that for device C [¼ (7.8 V/3.5 V)]. In view of the aforementioned V th movement, the simultaneous application of NBTS and light stress to the HIZO TFTs involved a transition of the degradation mechanism from change trapping (under only NBTS) to charge injection. Charge injection into the gate insulator region will cause only a parallel shift in the transfer characteristics leading to movement of the V th without an accompanying change in SS value. Therefore, charge injection into the gate insulator and trap creation in the HIZO channel are responsible for the increased negative V th shift for HIZO TFTs with increasing In/Zn ratio under the NBTIS conditions.
According to the previous reports, [16] [17] [18] 23 the enhanced V th instability under NBTIS condition compared to that under dark NBTS condition has been explained based on the trapping or/and injection of the photoinduced hole carrier. Under a negative V GS condition, the hole carrier generated as a result of photoexcitation will be attracted toward the interface of the channel layer and gate dielectric layer due to the negative charge at the gate electrode. This accumulated hole can be trapped at the interfacial trap sites or injected into the underlying SiN x dielectric layer, leading to a more enhanced negative V th shift compared to that under only NBTS without light illumination. This hole trapping or injection model is consistent with our observation. In the absence of light, the resulting negative V th shift will be small due to a negligible density of hole carriers in the channel layer under NBTS conditions. Light exposure into the device will cause the generation of a huge number of electronÀhole pairs. The negative voltage applied to the gate electrode drives the electron carriers to the back channel, where the electrons will be collected into the source electrode due to a negative V DS of À10 V. The remaining hole carriers at the interface are likely to be trapped or injected, leading to an enhanced negative V th shift. In order to reduce the V th instability under NBTIS, it is obvious to decrease the photocreated hole carriers upon the light exposure. For this purpose, we investigated the effect of Hf/(HfþInþZn) ratio on the NBTISinduced V th instability. Figure 4a shows the mapping data of the V th shift in the HIZO TFTs in the HfO 2 -InO 2 -ZnO ternary system as a result of NBITS application for 3 h. The most significant observation is that a higher HfO 2 content resulted in greater stability. For example, the device with the channel with a 7.5% Hf fraction exhibited a À8 V shift in the V th while that with 14% suffered only a À2 V shift in V th , as shown in Fig. 4c .
Finally, the optical band-gap of the deposited HIZO thin films was calculated from the well-known Tauc plot, 24 which is commonly used to determine the optical band gap in amorphous semiconducting materials. Figure 4b shows the contour mapping of the band-gap of the combinatorial HfInZnO thin films. Surprisingly, there was a close relationship between the optical band gap and NBITS-induced instability of the HIZO TFTs. The amount of the V th negative shift decreased with increasing band gap. This suggests that the photon-induced reliability of oxide TFTs is closely related to the magnitude of the band gap. Here the increasing band gap of HIZO will reduce the number of photoexcited hole carrier in the channel region, which is also reconcile with the close relationship between the optical band gap and NBITS-induced instability of the HIZO TFTs.
Recently, Ryu et al. suggested that oxygen vacancy defects in the channel and gate insulator are a possible origin of NBTISinduced V th instability for amorphous IGZO (a-IGZO) TFTs, based on the electronic structure calculation. 25 They suggested that photocreated hole carriers under NBTIS conditions can be trapped in the oxygen vacancy of the gate insulator or a-IGZO channel layer, which is responsible for the negative V th shift. Although first principle-based calculations have not been attempted for amorphous HIZO systems, similar oxygen vacancies are likely to be the origin of the V th instability. These types of defects may be related to the deep-level trap state created by the application of NBTIS, which requires verification using an electronic structure calculation. In general, because the Hf atom in HIZO has lower electronegativity, it might act as a strong oxygen binder in a similar manner to the role of the Zr atom in ZrInZnO. 8 In that case, increasing the Hf content in the channel layer will reduce the concentration of the oxygen vacancies, which can also explain the improvement in the V th stability of HIZO TFTs under NBTIS conditions.
Conclusion
The combination of NBTS and light illumination involved a transition of V th degradation from charge trapping to charge injection as well as enhanced V th instability. At the same time, the trap creation was observed, which has not been reported under dark NBTS conditions. The NBTIS-enhanced device instability can be explained well by the trapping or injection model of photocreated hole carriers. Furthermore, the relative cation component affected significantly the photoinduced bias-thermal instability of HIZO TFTs. A higher level of Hf incorporation into the HIZO channel materials result in better light stability. This can be understood by considering the increasing band gap of the HIZO semiconductor or the decreasing oxygen vacancy defects in the HIZO channel. Overall, the incorporation of a wider band gap material, such as HfO 2 , into the multicomponent channel layer is beneficial for improving the stability of the resulting metal oxide TFTs under the application of NBTIS. 
